It is generally known that cofactors play a major role in the production of different fermentation products. This paper is part of a systematic study that investigates the potential of cofactor manipulations as a new tool for metabolic engineering. The NADH/NAD+ cofactor pair plays a major role in microbial catabolism, in which a carbon source, such as glucose, is oxidized using NAD+ and producing reducing equivalents in the form of NADH. It is crucially important for continued cell growth that NADH be oxidized to NAD+ and a redox balance be achieved. Under aerobic growth, oxygen is used as the final electron acceptor. While under anaerobic growth, and in the absence of an alternate oxidizing agent, the regeneration of NAD+ is achieved through fermentation by using NADH to reduce metabolic intermediates. Therefore, an increase in the availability of NADH is expected to have an effect on the metabolic distribution. We have previously investigated a genetic means of increasing the availability of intracellular NADH in vivo by regenerating NADH through the heterologous expression of an NAD þ -dependent formate dehydrogenase and have demonstrated that this manipulation provoked a significant change in the final metabolite concentration pattern both anaerobically and aerobically (Berr! ıos-Rivera et al., 2002, Metabolic engineering of Escherichia coli: increase of NADH availability by overexpressing an NAD+-dependent formate dehydrogenase, Metabolic Eng. 4, 217-229). The current work explores further the effect of substituting the native cofactorindependent formate dehydrogenase (FDH) by an NAD þ -dependent FDH from Candida boidinii on the NAD(H/+) levels, NADH/NAD+ ratio, metabolic fluxes and carbon-mole yields in Escherichia coli under anaerobic chemostat conditions. Overexpression of the NAD þ -dependent FDH provoked a significant redistribution of both metabolic fluxes and carbonmole yields. Under anaerobic chemostat conditions, NADH availability increased from 2 to 3 mol NADH/mol glucose consumed and the production of more reduced metabolites was favored, as evidenced by a dramatic increase in the ethanol to acetate ratio and a decrease in the flux to lactate. It was also found that the NADH/NAD+ ratio should not be used as a sole indicator of the oxidation state of the cell. Instead, the metabolic distribution, like the Et/Ac ratio, should also be considered because the turnover of NADH can be fast in an effort to achieve a redox balance. # 2002 Elsevier Science (USA)
INTRODUCTION
The metabolic pathways leading to the production of most industrially important compounds involve reduction-oxidation (red-ox) reactions. Biosynthetic transformations involving red-ox reactions offer a considerable potential for the production of fine chemicals over conventional chemical processes, especially those requiring stereospecificity.
In a previous study , we investigated a novel approach to increase the availability of intracellular NADH in vivo through metabolic and genetic engineering by regenerating NADH through the heterologous expression of an NAD þ -dependent enzyme . In this approach, we overexpressed a biologically active NAD þ -dependent formate dehydrogenase (FDH) from Candida boidinii in Escherichia coli. In the presence of this newly introduced formate dehydrogenase pathway, one mole of NADH is formed when one mole of formate is converted to carbon dioxide ( Fig. 1) . In contrast, the native formate dehydrogenase converts formate to CO 2 and H 2 with no cofactor involvement. The new system allows the cells to retain the reducing power that otherwise will be lost by release of formate or hydrogen in the native pathway.
The functionality of this NADH regeneration strategy was successfully demonstrated in anaerobic tubes and aerobic shake flask experiments . It was found that this genetic manipulation provoked a significant change in the final metabolite concentration pattern both anaerobically and aerobically.
Under anaerobic conditions, the production of more reduced metabolites was favored, as evidenced by a dramatic increase in the ethanol to acetate ratio and a shift towards the production of ethanol as the major fermentation product. Even more interesting is the finding that during aerobic growth, the increased availability of NADH induced a shift to fermentation even in the presence of oxygen, as evidenced by the production of reduced metabolites such as ethanol, lactate, and succinate, which are normally produced only under anaerobic conditions. The results of this study demonstrated how powerful cofactor manipulations can be as a tool for metabolic engineering.
The current study further characterizes this system of manipulating the availability of intracellular NADH in vivo through the overexpression of an NAD þ -dependent FDH under a more controlled bioreactor environment. This paper investigates the effect of this approach to increase NADH availability on the NAD(H/+) levels, the NADH/ NAD+ ratio, as well as on the metabolic flux and carbonmol yield redistribution under anaerobic chemostat conditions. Table 1 describes the strains and plasmids used in this study. Strain BS1 was constructed from the strain GJT001 by inactivating the native FDA. Plasmid pSBF2 contains the fdh1 gene from the yeast C. boidinii under the control of the lac promoter. The fdh1 gene encodes an NAD þ -dependent FDH that converts formate to CO 2 with the regeneration of NADH from NAD þ : This is in contrast to the native FDH that converts formate to CO 2 and H 2 with no cofactor involvement (refer to Fig. 1 ).
MATERIALS AND METHODS

Bacterial Strains and Plasmids
Anaerobic Chemostat Experiments
Inoculum preparation. The inoculum was first grown as a 5-ml Luria-Bertani (LB) culture supplemented with 100 mg=L ampicillin and/or kanamycin for 8-12 h: Then, 100 ml of the 5-ml culture was transferred to 50 ml of LB in a 250-ml shake flask with the appropriate antibiotic, and grown at 371C and 250 rpm for 8-12 h in a rotary shaker. This culture was used to inoculate the bioreactor.
Medium. LB both medium supplemented with 110 mM of glucose was used for the chemostat runs. To reduce the initial lag time that occurs under anaerobic conditions, 1 g=L NaHCO 3 was added to the LB media. The media was also supplemented with 30 ml=L antifoam 289 (Sigma), 100 mg=L ampicillin, and/or kanamycin.
Bioreactor conditions. The fermentations were carried under anaerobic chemostat conditions at a dilution rate of 0:2 h À1 : A 2:5 L bioreactor (New Brunswick Scientific, Bioflo III) was used. It initially contained 1:3 L of medium during the anaerobic batch stage and then was maintained at 1:20 L working volume for the anaerobic chemostat stage. The pH, temperature and agitation were maintained at 7.0, 321C; and 250 rpm; respectively. A constant flow of nitrogen (10-12 ml=minÞ was established through the fermentor headspace to maintain anaerobic conditions. The continuous culture reached steady state after 4-6 residence times. Samples were taken during the steady-state phase.
Analytical Techniques
Cell density. Cell density (OD) was measured at 600 nm in a Spectronic 1001 spectrophotometer (Bausch & Lomb) . The culture samples were diluted appropriately with 0:15 M NaCl to ensure that readings were within the linear range. 230-237 (2002) doi:10.1006/mben.2002.0228 Cell dry weight was determined by collection of 100 ml of culture in an ice bath. The samples were centrifuged at 4000g and 41C for 10 min; washed with 0:15 M sodium chloride solution, and dried in an oven at 551C until constant weight. The final weight of the dried samples was corrected for the weight of NaCl in the washing solution.
Redistribution of Metabolic Fluxes
Fermentation broth analysisFHPLC. Samples of the fermentation broth were collected and centrifuged at 6000g and 41C for 10 min in a Sorvall centrifuge (SS-34 rotor). The supernatant was filtered through a 0.45-mm syringe filter for HPLC analysis and stored frozen until analyzed. The fermentation products, as well as the glucose were quantified using an HPLC system (Thermo Separation Products) equipped with a cation-exchange column (HPX-87H, BioRad Labs) and a differential refractive index detector. A mobile phase of 2:5 mM H 2 SO 4 at a 0:6 ml=min flow rate was used and the column was operated at 551C: Metabolic Engineering 4, 230-237 (2002) Berríos-Rivera, Bennett, and San doi: 10.1006/mben.2002.0228 Off-Gas analysisFGC. Off-gases, specifically CO 2 and H 2 ; were analyzed off-line using a Varian 3000 gas chromatograph equipped with a divinylbenzene porous polymer column (HayeSep DB, HayeSep) and a thermal conductivity detector. The column, injector, detector and filament temperatures were 281C; 281C; 1401C and 2251C; respectively. Helium was used as the carrier gas at a flow rate of 30 ml=min:
Enzymatic Assays FDH activity assay. Samples were collected from the bioreactor during steady state. Cells were harvested by centrifugation of 10 ml of culture at 4000g and 41C for 10 min: The pellet was suspended in 10 ml of 10-mM sodium phosphate buffer (refrigerated) at pH 7.5 with 0:1 M b-mercaptoethanol and centrifuged as described above. The cells were resuspended in 10 ml of 10-mM sodium phosphate buffer (refrigerated) at pH 7.5 with 0:1 M b-mercaptoethanol and sonicated for 6 min in an ice bath (Sonicator: Heat System Ultrasonics, Inc. Model W-255; Settings: 60% cycle, max power ¼ 8). The sonicated cells were centrifuged at 1500g and 41C for 60 min to remove cell debris and reduce the NAD background. The FDH activity was assayed at 301C by adding 100 ml of cell extract to 1 ml of a reaction mixture containing 1:67 mM NAD+, 166:67 mM sodium formate and 100 mM bmercaptoethanol in phosphate buffer pH 7.5 and measuring the increase in absorbance of NADH at 340 nm (Schutte et al., 1976) modified. One unit was defined as the amount of enzyme that produced 1 mmol of NADH per minute at 301C: Total protein concentration in cell extracts was measured by Lowry's method (Sigma Kit) using bovine serum albumin as standard.
NADH/NAD+ assay. The intracellular levels of NADH and NAD+ were determined for steady-state culture samples as previously described .
RESULTS AND DISCUSSION
Experiments were performed under anaerobic chemostat conditions with strains GJT001 and BS1 containing a control plasmid to investigate the effect of eliminating the native FDH activity (Berr! ıos-Rivera, 2002) . The results of those experiments indicated that with inactivation of the native FDH, which converts formate to CO 2 and H 2 ; all the reducing power is lost in the form of formate. Elimination of the native FDH activity resulted in a more oxidized intracellular environment as reflected by a significant decrease in the NADH/NAD+ ratio (48%) and a decrease in the Et/Ac ratio (19%). These observations are consistent with previously reported results under anaerobic tube conditions with these two strains (Berr! ıos-Rivera et al., 2002). These results imply that under normal conditions when the native FDH is active, the cells are able to recapture some of the reducing power in the hydrogen released from the degradation of formate possibly by means of a native hydrogenase. These findings suggest that substitution of the native FDH by an NAD þ -dependent FDH, which transfers the reducing equivalents directly from formate to NADH, will provide a more reduced intracellular environment by recapturing more effectively the reducing power that otherwise would be lost.
In the current study, anaerobic chemostat experiments were performed with strains GJT001 (pSBF2), BS1 (pSBF2), and GJT001 (pDHK29). Strain GJT001 (pDHK29) contains the native FDH only, while strain BS1 (pSBF2) has the C. boidinii FDH, and GJT001 (pSBF2) has both FDH enzymes active. A chemostat mode was chosen because it allows the determination of the concentration of NADH and NAD+ and the metabolic fluxes during steady state. It also allows fixing of the specific growth rate for each strain by fixing the dilution rate ð0:2 h À1 Þ: Table 2 presents the specific NAD+-dependent FDH activity of strains GJT001 (pSBF2) and BS1 (pSBF2) obtained from the anaerobic chemostat runs in U=mg of total protein. One unit is defined as the amount of enzyme that produced 1 mmol of NADH/min at 301C: As this table shows, the specific FDH activity of both strains was very similar. Strain GJT001(pDHK29) showed no detectable FDH activity. Table 3a shows the steady-state concentrations of various metabolites in mM as measured by the HPLC, as well as the percent of CO 2 and H 2 per volume in the offgases stream as measured by the GC. This table also shows the dry weight (DW) in g/L. Table 3b presents the results as calculated metabolic fluxes in mmol=ðg dry weight * hÞ represented as n 1 -n 12 according to Fig. 1 . Note that n 12 represents the newly added NAD+-dependent FDH 230-237 (2002) doi:10.1006/mben.2002.0228 pathway. In addition, n RF represents the flux of residual formate excreted to the media based on HPLC measurements. The metabolic fluxes with an asterisk were calculated based on measured metabolites, while the other fluxes were derived from the measured metabolites based on the relationships shown in Fig. 1 , the law of mass conservation, and the pseudo-steady-state hypothesis (PSSH) on the intracellular intermediate metabolites as described previously Yang et al., 1999) . Table 3c includes the NAD(H/+) concentrations in mmol=g dry weight in addition to the NADH formed through the oxidation of glucose and the new FDH degradation pathway, as well as the NADH utilized for the formation of reduced metabolites, namely, succinate, lactate, and ethanol. The percentages of increase (+) or decrease ðÀÞ presented on these tables are relative to strain GJT001 (pDHK29). The overexpression of the NAD þ -dependent FDH drastically changed the distribution of metabolic fluxes in E. coli. The most notable effect observed is the shift in the ethanol to acetate ratio (Et/Ac), which indicates an increase in intracellular NADH availability. This ratio increased from 1.06 for the control strain to 3.47 for the strain with the new FDH and 3.82 for the strain with both enzymes coexpressed, which represents a 3-to 4-fold increase in the Et/Ac ratio relative to the control. These The values are an average of three steady-state samples at D ¼ 0:2 h À1 (equal to specific growth rate at steady state). Metabolic fluxes in mmol=ðgD W hÞ are represented as n 1 to n 12 as shown in Fig. 1 . Metabolic fluxes with an asterisk were calculated based on measured metabolites, while the other fluxes were derived from the measured metabolites based on the relationships shown in Fig. 1 . The percentages of increase (+) or decrease ðÀÞ presented are relative to strain GJT001 (pDHK29).
Redistribution of Metabolic Fluxes
þ New FDH Pathway ¼ newly added NAD þ -dependent FDH pathway.
Metabolic Engineering 4, 230-237 (2002)
Berríos-Rivera, Bennett, and San doi:10. 1006/mben.2002.0228 findings are similar to the results obtained when sorbitol ðEt=Ac ¼ 3:62Þ; a more reduced carbon source that can therefore produce more reducing equivalents in the form of NADH, was used instead of glucose ðEt=Ac ¼ 1:00Þ in anaerobic chemostat experiments .
However, it is important to mention that the effect of these cofactor manipulations on the metabolic distribution is smaller under chemostat conditions as compared to previous findings in anaerobic tube experiments ðEt=Ac ¼ 27:0 for BS1(pSBF2)) (Berr! ıos-Rivera et al., 2002). In addition, the final optical density in anaerobic tube experiments was higher for the strains overexpressing the new FDH compared to the control, while the opposite occurred under chemostat conditions. These differences in the results can be explained by the difference in the growth environment and conditions the cells are exposed to in a batch versus chemostat cultivation. While in a chemostat bioreactor the specific growth rate equals the dilution rate and is fixed externally, it is dependent on the strain and media composition for a batch culture. In addition, the transient nature of the batch cultivation implies that the concentration of both substrates and metabolites varies constantly with time, while at steady state these concentrations are time invariant for a chemostat culture. Specifically, the cells are exposed to a very rich environment for most of the time during batch cultivation, while they are always under limiting environment under a chemostat setting. A similar behavior was observed previously in experiments where a significant acetate reduction was achieved under batch conditions by modulating glucose uptake using a glucose analog supplementation strategy, while the effect was greatly minimized under chemostat conditions (Chou et al., 1994; Berr! ıos-Rivera et al., 2000) .
The current results support previous findings that the cell adjusts its partitioning at the acetyl-CoA node by changing the ethanol (consumes two NADH) to acetate (consumes no NADH) ratio to achieve a redox balance. Therefore, a change in the ethanol to acetate ratio (Et/Ac) can be used as an indirect indicator of a change in the NADH/NAD+ ratio.
In these experiments, the NADH/NAD+ ratio increased slightly only for strain BS1 (pSBF2), while it remained relatively unchanged for GJT001 (pSBF2) compared to GJT001 (pDHK29). These results suggest that the cells regenerate the extra reducing power in the form of NADH that was available from the overexpression of the new FDH by increasing the flux to ethanol, which consumes two NADH, instead of accumulating the NADH as such. These findings might indicate that the NADH/ NAD+ ratio is not always a good indicator of the oxidation state of the cell because the turnover can be fast in an effort to achieve a redox balance. This idea is supported by the fact that more than 96% of the NADH formed through the oxidation of glucose and the new FDH degradation pathway, ðR NADH Þ f ; can be accounted for as being utilized for the formation of reduced metabolites, namely, succinate, lactate, and ethanol, ðR NADH Þ u (Table  3c ). In addition, the specific NADH formation and utilization rates for both strains containing the new FDH are significantly higher than those of the control strain (Table 3c) .
Another way of analyzing these results is by looking at the moles of NADH available for reduced product formation per mole of glucose consumed ððNADHÞ U =Gl in Table 3c ). This value is approximately equal to 2 for the control strain, as can be predicted from the metabolic pathways depicted in Fig. 1 , while it increases to approximately 3 for both strains overexpressing the new FDH pathway under chemostat conditions. These results again prove that this new pathway is indeed increasing intracellular NADH availability as compared to the native 
Both rates are in units of mmol/(gD W h). ðNADHÞ U =Gl ¼ moles of NADH available per mole of glucose consumed ¼ ðR NADH Þ u =n 1 : The percentages of increase (+) or decrease ðÀÞ presented are relative to strain GJT001 (pDHK29). 230-237 (2002) doi:10.1006/mben.2002.0228 FDH. However, it is important to note that under these chemostat conditions, the new system is not allowed to achieve its maximum ðNADHÞ U =Gl value of 4, which the same strains achieved under anaerobic tube conditions (Berr! ıos-Rivera et al., 2002). The lower ðNADHÞ U =Gl can be a result of lower formate conversion through the NAD þ -dependent pathway under chemostat conditions, where residual formate was detected, as compared to the batch cultures, where all formate was utilized.
Redistribution of Metabolic Fluxes
An analysis of the metabolic fluxes of the two experimental strains relative to the control strain shows a significant increase in the flux to ethanol, accompanied by a decrease in the flux to acetate and a marked decrease in the flux to lactate. The increase in the ethanol flux (2 NADH) in combination with the decrease in the flux to lactate (1 NADH) indicate that when there is an excess of reducing equivalents, ethanol formation is preferred since it provides a faster route to NAD+ regeneration. These results are in agreement with our previous findings in chemostat experiments utilizing carbon sources with different oxidation states . In those experiments, the lactate flux was highest for gluconate, a more oxidized carbon source, and lowest for sorbitol, a more reduced carbon source relative to glucose.
In addition, Table 3b presents the flux of formate converted to CO 2 through both the native FDH pathway ðn 9 Þ and the new NAD+-dependent FDH pathway ðn 12 Þ for the different strains. The flux to formate was obtained based on the assumption that one mole of formate is produced per mole of acetyl-CoA formed through the PFL pathway (Fig. 1) . Therefore, the flux to formate ðn 8 Þ was calculated by adding the fluxes to ethanol ðn 10 Þ and acetate ðn 11 Þ from acetyl-CoA. The total formate converted was calculated by subtracting the measured residual formate flux ðn RF Þ from the flux to formate ðn 8 Þ: The flux through the new FDH pathway ðn 12 Þ for strain GJT001 (pSBF2) was determined by subtracting the flux to H 2 ðn 9 Þ; determined from GC measurements, from the total formate converted.
The absence of H 2 production as determined by GC analysis of the off-gases (Tables 3a and 3b ) confirmed the lack of native FDH activity in strain BS1 (pSBF2). For strain GJT001 (pSBF2), in which both FDH enzymes are active, 92% of the total formate converted to CO 2 was degraded through the NAD+-dependent FDH pathway. This result indicates that the new FDH enzyme competes very effectively with the native FDH for the available formate. This observation is possibly due to the gene dosage effect and/or the lower K m value for formate of the NAD+-dependent FDH ð13 mMÞ relative to that of the native FDH ð26 mMÞ (Schutte et al., 1976; Axley and Grahame, 1991) .
Coexpression of both FDH enzymes in strain GJT001 (pSBF2) increased glucose uptake under chemostat conditions relative to the control strain. However, a decrease in glucose uptake was observed under the same conditions for strain BS1 (pSBF2). Due to the difference observed in glucose uptake, the yields in carbon-mole produced per carbon-mole (C-mole) of glucose consumed were calculated for the different metabolites. The C-mole yield analysis allows a better understanding of how one C-mole of glucose consumed by the cell is distributed to the production of the different metabolites in each of the strains studied. Figure 2 shows a schematic representation of the central anaerobic metabolic pathways of E. coli together with the calculated yields for the different fermentation products in C-mole produced per C-mole of glucose consumed. The percentage of carbon recovery obtained without accounting for the biomass was 90% or higher for all the strains.
For the control strain GJT001 (pDHK29), one C-mole of glucose is distributed almost equally to ethanol (0.23), acetate (0.22), and formate (0.23). The rest of it goes mostly to lactate (0.16), with succinate (0.06) being only a minor product. In contrast, for the strains containing the new FDH pathway, almost half of each C-mole of glucose was directed towards ethanol production (GJT001 (pSBF2): doi:10.1006/mben.2002.0228 0.48, BS1 (pSBF2): 0.46), while the yield to acetate decreased to 0.13, and that of formate increased (0.30) for both strains. At the same time, lactate proportion decreased to that of a minor product with a yield as low as 0.02. The lactate yield is even lower than the yield of succinate, which remained relatively unchanged. It is important to note that the distribution of C-mole yields for strains GJT001 (pSBF2) and BS1 (pSBF2) is almost identical. The similarity between the two strains implies that under the experimental conditions studied the native FDH does not interfere with the action of the new FDH of redistributing the metabolic fluxes on a C-mole basis.
Figure 2 also shows how much of the formate produced is converted through either one or both of the FDH pathways. For the control strain, 57% of the formate produced is converted, while 80% is converted for GJT001 (pSBF2) and 63% for BS1 (pSBF2). These results show an increase in the conversion of formate with the overexpression of the new FDH, further suggesting that the new FDH has higher activity or higher affinity for formate than the native cofactor independent FDH.
CONCLUSIONS
This study further demonstrates that it is possible to increase the availability of intracellular NADH through metabolic engineering and therefore provide a more reduced environment under anaerobic chemostat conditions. The substitution of the native cofactor independent FDH pathway by the NAD þ -dependent FDH provoked a significant redistribution of both metabolic fluxes and C-mole yields under anaerobic chemostat conditions. NADH availability increased from 2 to 3 mol NADH/ mol glucose consumed and favored the production of more reduced metabolites, as evidenced by a 3-to 4-fold increase in the ethanol to acetate ratio for BS1 (pSBF2) and GJT001 (pSBF2) as compared to the GJT001 (pDHK29) control. The increase in the Et/Ac ratio was the result of an increase in the ethanol yield combined with a decrease in the acetate yield. It was also observed that the flux to lactate was reduced significantly with the overexpression of the new FDH.
In addition, the results suggest that the new FDH is able to compete very effectively with the native FDH; therefore, it is not necessary to eliminate the native FDH activity in order to achieve the desired results, making this approach easier to implement in a variety of applications. It should also be noted that the effect of the NADH regeneration system was reduced under the current experimental conditions as compared to the uncontrolled anaerobic tube experiments reported previously, in which the Et/Ac ratio represented a 27-fold increase with substitution of the native by the NAD+-dependent FDH .
It was also observed that the NADH/NAD+ ratio alone cannot always be used as a good indicator of the oxidation state of the cell. Instead, an analysis of the metabolic distribution, like the Et/Ac ratio, should also be considered because the turnover of NADH can be fast in an effort to achieve a redox balance.
In conclusion, the results of this study demonstrate the potential of using NADH manipulations for redirecting carbon fluxes to more reduced products.
